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ABSTRACT 
Laser-deposited carbon aerogel is a low-density porous network 
of carbon clusters synthesized using a laser process. A one-step 
synthesis, involving deposition and annealing, results in the 
formation of a thin porous conductive film which can be applied 
as a chemiresistor. This material is sensitive to NO2 compared to 
ammonia and other volatile organic compounds and is able to 
detect ultra-low concentrations down to at least 10 parts-per-
billion. The sensing mechanism, based on the solubility of NO2 in 
the water layer adsorbed on the aerogel, increases the usability 
of the sensor in practically-relevant ambient environments. A 
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heating step, achieved in tandem with a microheater, allows the 
recovery to the baseline making it operable in real world 
environments. This, in combination with its low cost and 
scalable production makes it promising for Internet-of-Things 
air quality monitoring.
Introduction
Originating from combustion engines and industrial processes, 
nitrogen dioxide (NO2) is a major air pollutant, and poses a 
substantial health risk causing respiratory issues which are 
particularly severe for asthma sufferers1 and infants2. European 
Union regulations allow a threshold of 20 parts-per-billion 
(ppb) of NO2 in the air to be overcome not more than 18 times in 
a year3. However, in London alone, the monthly average is 
regularly above this4. Recently and for the first time, doctors 
formally related the death of a young girl to repeated exposure 
to NO25. Monitoring of air quality to prevent such exposure at 
ppb levels is currently only possible with unwieldy, expensive 
equipment and is therefore scarcely implemented6,7. More 
generally, for city dwellers of tomorrow to thrive we need to 
overcome interdependent bottlenecks in urban infrastructure. As 
such, a major challenge centers on the development of highly 
sensitive, accurate and low-cost devices for widespread 
continuous monitoring of NO2 levels in domestic, public and 
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industrial environments. The bottleneck to achieving high 
sensitivity could be addressed by materials.
Metal oxides are well established as commercially-available gas 
sensors capable of detecting NO2 both at low concentration, down 
to 10 ppb, and with selectivity towards other harmful gases and 
volatile-organic-compounds (VOCs)8. However, these materials 
normally operate at elevated temperatures which would result in 
increased power consumption and limited operation in small-scale 
measurement configurations and devices. Nanomaterial structures, 
many carbon based, have emerged in the last decade which 
facilitate detection of gases at low concentration with thousand 
fold reduction in power consumption compared to metal oxides9. 
However, while the most promising candidates such as graphene 
and carbon nanotubes exhibit low limits of detection, they do 
not exhibit chemical selectivity in their pristine form4,9,10. 
Functionalization of the material can overcome this issue but 
adds a complicated synthesis step into the fabrication of 
devices, making manufacturing more expensive11,12.
Here, we present a cheap, selective NO2 sensing layer based on 
a laser deposited carbon aerogel (LDCA). LDCA, a porous network 
of amorphous carbon nanoparticles with high surface area are a 
well-studied structure13. This material is incorporated into a 
device structure with excellent limit of detection (close to10 
ppb) produced by a scalable one-step laser deposition process, 
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which we analyze as a chemiresistor. Sensitivity and detection 
limits are determined, and several VOCs are used to ascertain 
the selectivity. Ultra-low limit of detection measurements 
demonstrates the potential of this material for adoption in 
Internet-of-Things type air quality monitoring devices. 
Measurements in different background environments establish the 
sensing mechanism and origin of the selectivity14–17.
Experimental Methods
Device fabrication. IDEs (interdigitated electrodes) the 
substrate material used were prepared using molybdenum (700nm) 
on glass purchased from AimCore Technology (Hsinchu 30351, 
Taiwan). An MSV-101 (M-Solv Ltd, UK) laser-processing platform 
was used to pattern a 10mm x 10mm interdigitated electrode 
design using a galvanoscanner and a pulsed infrared laser (1064 
nm, Multiwave, set to 150 kHz repetition rate, 10 ns pulse 
length) with a fluence of 3 J/cm2 at a beam scanning speed of 
1000 mm/sec. SEM of interdigitated electrode structure shown in 
figure S1. The same platform was then used to deposit the LDCA. 
The ITO (Indium Tin Oxide, ) was held in place with a homemade 
vacuum holder. The GO, production of which is supplied in the SI 
along with AFM (Figure S2), Raman (Figure S3) and XPS (Figure 
S4), was deposited on a borosilicate glass slide (thickness 
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approx. 1mm) by dropcasting via pipette with no dilution and 
dried on hotplate. This was repeated once more to achieve 
suitable thickness of material. For deposition of the LDCA the 
GO was heated to 250°C in a ramping process of 3°/min. The 
Multiwave laser was set to 200 kHz resulting in 417 mJ/cm2 with a 
mark-speed of 100 mm/sec. A handheld canister of dry air was 
used to remove the LDCA diffusion barrier by blowing.
Material characterization. Samples were imaged with a Zeiss 
SIGMA field emission gun scanning electron microscope (FE-SEM) 
using a Zeiss in-lens secondary electron detector. The FE-SEM 
working conditions used were 2.5 kV accelerating voltage, 20 µm 
aperture, and 2 mm working distance. 
Samples were analyzed using a Thermo Scientific K-Alpha XPS 
instrument equipped with a micro-focused monochromated Al X-ray 
source. The source was operated at 12 keV and a 400 µm spot 
size. The analyzer operates at a constant analyzer energy (CAE) 
of 200 eV for survey scans and 50 eV for detailed scans. Charge 
neutralization was applied using a combined low energy / ion 
flood source. The spectra were deconvoluted using CASAXPS 
software. The XPS peaks were fitted to GL(70) line shape (a 
combination of 70% Gaussian and 30% Lorentzian character), after 
performing a Shirley background subtraction. In the fitting 
procedure, the FWHM (full width at half maximum) values were 
fixed at a maximum limit of 1.6 eV for all the peaks except the 
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peaks appearing at the higher energy region that tend to be much 
broader. Asymmetry for the sp2 carbon peak was defined as a 
function LA(α, β, m), where α=0.4 and β=0.38 describe the spread 
of the tail on each side of the Lorentzian component and the 
parameter m=70 specifies the width of the Gaussian used to 
convolute the Lorentzian curve.
Thin films were investigated using a variable-angle 
spectroscopic ellipsometer (J.A. Woollam Co., Inc.). 
Measurements were carried out with 20-nm-steps in the 400 < λ < 
900 nm spectral range and for incidence angles of 50°, 60° and 
70° respectively. The measurements were performed in air and at 
room temperature. WVASE® software version 3.888 (J. A. Woollam 
Co.) was used for data analysis. HRTEM imaging studies were made 
using an aberration-corrected FEI Titan High-Base microscope, 
equipped with a CEOS CETCOR Cs objective lens corrector and 
working at 80 kV. These works have been developed at low 
electron doses for avoiding potential damage and limiting 
charging effects.
Raman measurements were carried out using a Renishaw Invia 
Microscope. A 532 nm 50 mW continuous wave laser was used at 10% 
intensity for 10 s to produce the Raman spectrum. A total of 10 
accumulations were used to enhance the signal to noise 
ratio.Electrochemical measurements were made using a 3 electrode 
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setup connected to a Gamry 600+ potentiostat. The reference 
electrode used as an Ag/AgCl reference and the counter electrode 
was a platinum wire. The electrolyte used was a 0.5 M aqueous 
potassium sulfate solution.
Gas measurements. A home-made gas measurement chamber was used 
for the measurements (see supplementary information Figure S5). 
Alicat mass flow controllers (programmable with maximum flow 
rates of 1lpm and 100sccm) were used to dilute pre-diluted NO2 in 
air and nitrogen to the required concentrations. The NO2 pre-
diluted cylinders in air and in nitrogen were purchased from BOC 
Ltd. A LabJack was used to record the electrical data, with a 
set current of 1 mA. A small ceramic plate (12V 250C MCH Metal 
Ceramic Heater Plate Heating Element 20mm x 1.2mm) mounted to 
the back of the device was used to regulate the device 
temperature. A bubbler system consisting of tubing and a 400ml 
of water was connected to the mass flow controllers allowed the 
introduction of humid air into the system. A maximum of 30% RH 
was achievable due to the dry air source and the volume of the 
bubbler. A pre-diluted (100ppm) NH3 in nitrogen were purchased 
from BOC Ltd for the exposure to ammonia. A standard calibration 
gas bottle was purchased for the CO2 exposure. VOCs were added 
into the bubbler system and the vapor pressure was used to 
calculate the concentration the device was exposed to. Unless 
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otherwise specified sensitivity measurements were taken 15 
minutes after exposure.
Results and Discussion
Fig1 a) Fabrication setup in 3D, b) side and c) top view of 
processing steps of the fabrication. SEM image of d) carbon 
aerogel diffusion barrier, e) active layer after removal of 
diffusion barrier, f) high magnifiation image of active layer, 
showing individual carbon clusters, g) HRTEM of LDCA diffusion 
barrier layer.
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 LDCA is an amorphous carbon nanomaterial formed when a focused 
laser beam interacts with a carbon target13,18. Carbon clusters 
are produced in the plasma formed above the target which 
subsequently diffuse to a second substrate where they aggregate, 
similar to the concept of pulsed laser deposition13,19,20. LDCA 
combines porosity and high specific surface area in a conductive 
thin film making it a promising material for high-sensitivity 
chemiresistive gas sensing, among other applications13,21.
The deposition process is depicted in Figure 1a-c and further 
detailed in Figure S6. Interdigitated electrodes (IDE) are 
placed next to a graphene oxide (GO) carbon source, prepared by 
drop casting on borosilicate glass (see supplementary 
information). A transparent hydrophobic material, in our case 
indium tin oxide (ITO, 50Ω/sq. supplied by Aimcore)  on glass, 
is held above the target and substrate with a airgap of 3-4mm in 
between. Using previously optimized conditions, an infrared 
laser with a constant fluence of 417 mJ/cm2 is focused onto the 
ITO13. The laser is scanned across both the GO target and the IDE 
substrate (Figure 1b), which are fed perpendicular to the laser 
scan direction (see Figure 1c and Figure S6d). As the laser 
raster scans over the GO target, it produces13 a plume of carbon 
and oxygen atoms leaving reduced graphene oxide (rGO)13. These 
atoms rapidly form clusters which diffuse toward the IDE 
substrate and are deposited to form LDCA (see SEM in Figure 1d), 
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guided by the ITO layer to which they do not adhere. During each 
scan line, the laser passes over the IDE annealing the LDCA that 
has been deposited (Figure 1e-g). This annealed film forms the 
active sensing layer, which has improved substrate adhesion. As 
the process proceeds excess material may overcoat the active 
layer, acting as a diffusion barrier to analytes, and must 
subsequently be removed to maximize device performance. This can 
be achieved by blowing pressurised air over the device once 
prepared (see Figure S6e). High magnification SEM reveals the 
annealed carbon aggregates, where the cluster size is 
approximately 20 nm (Figure 1f). Figure 1g and S7 show HRTEM 
image of the LDCA consisting of individual particulates in a 
non-crystalline mesostructure.
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Fig2 a) Cyclic voltammographs at different cycling rates of active LDCA 
layer, b) Raman of annealed active LDCA layer c) Deconvoluted XPS spectra 
of C1-peak of diffusion barrier layer, d) Deconvoluted XPS spectra of 
O-peak of diffusion barrier layer, e) Deconvoluted XPS spectra of C1-
peak of active LDCA layer f) Deconvoluted XPS spectra of O-peak of active 
LDCA layer.
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To characterize the available surface area within the active 
LDCA the double layer capacitance was probed using cyclic 
voltammetry. The cyclic voltammographs (Figure 2a) show Faradaic 
reactions at the extrema with flat central regions, 
characteristic of non-Faradic double layer electrochemistry. At 
low scan rates the double layer capacitance is approximately 45 
F/cm3 which, due to only a fraction of the material being sp2, 
corresponds to lower bound of the internal surface area per unit 
volume of 2.25∙106 cm2/cm3 assuming a 20 μF/cm2 theoretical 
capacitance for sp2-hybridized carbon22. Interestingly, this is 
appreciably higher than soot or carbon black which can be up to 
105 cm2/cm3 23. The layer thickness was estimated using an 
ellipsometer to be around 100 nm. Analysis of ellipsometry data 
can be found in Figure S8 with discussion of results in 
supporting information note 5.
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Raman spectra (shown in Figure 2b) have characteristic D and G 
peaks, corresponding to defect and lattice modes respectively, 
with approximately equal intensity indicative of amorphous 
carbon24. XPS allows quantitative chemical analysis of the 
composition of the as-deposited and annealed LDCA material. 
Figure 2e indicates a high sp2:sp3 ratio for the annealed LDCA 
(around 62 at.% sp2), greater than that for the as-deposited LDCA 
(around 22 at.% sp2), shown in Figure 2c, despite their 
comparable C/O ratio of around 5. In addition, the presence of 
oxygen functional groups and adsorbed water on the surface is 
reduced after annealing (Figure 2f), suggesting some 
functionalization of the surface despite the increase in sp2 
character. Together, these measurements indicate that annealed 
LDCA comprises significant sp2 carbon domains contained within 
functionalized shells.
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Figure 3a shows the material’s response to concentrations 
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between 50 ppb and 1 ppm of NO2 in a humid air environment. The 
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response amplitude increases with increasing NO2 concentration 
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and saturates after an initial rise. Figure 3b depicts the 
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measurement of a chemiresistor exposed to a 10 ppb of NO2 in dry 
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S0 = Smax KP/(1+KP)
K = 8.914 Pa-1
Smax = 1.235%
c























Fig3 a) Exposure to various concentrations from 50 ppb to 1000 ppb 
NO2 in humid air environment (30 %RH), b) ) single exposure to 10 
ppb NO2 in dry air, c) calibration curve with a Langmuir fitting 
in dry air showing surface adsorption behavior, d) selectivity 
measurements using NO2, NH3 and various VOCs, a concentration of 1 
ppm of NO2 (in dry air) and NH3 (in dry air), a concentration of 
20 ppm of CO2  (in 20%RH) and 50 ppm of acetone, IPA and xylene 
was used for the measurement (all in 30% RH), e) NO2 calibration 
curve measurement in different backgrounds, f) Smax-values derived 
from Langmuir calibration curves fitted to the different 
background measurements.
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air. A clear step is seen for this ultra-low concentration with 
adsorption times, t90, the time it takes to reach 90% of the full 
amplitude, of around 10 min.  The signal-to-noise ratio shown is 
relatively low and represents a threshold. However, this 
threshold is below the regulatory limit of 20ppb allowing for 
implementation in environmental sensors.
 Figure 3c shows a response curve for the material as a 
function of concentration of NO2 in dry air. The observed 
saturating behavior can be described using a Langmuir isotherm of 
the form S0 = SmaxKP/(1+KP), where S0 is the response, Smax is a 
constant, K is the equilibrium constant of the adsorption and 
desorption, and P is the partial pressure of the analyte. This 
model assumes surface adsorption/desorption of an analyte, and 
has been shown to apply well in the case of nanostructured 
materials25. The model is fitted to the data of Figure 3c in the 
low-concentration operating regime and accurately reproduces the 
observed trend, with a fitting constant Smax = 1.235 % and K = 
8.914 Pa-1. This calibration curve allows the readout of an exact 
concentration value. Figure 3d shows the response of the 
material towards different analytes at concentrations of 1 ppm 
of NH3, 20 ppm of CO2, 50 ppm of acetone, IPA and xylene 
respectively. Whereas NO2 shows a strong response, the signals 
from NH3 and other common VOCs are negligible, indicating a very 
high degree of selectivity towards NO2. Figure 3e shows the 
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operation of the sensor in different background environments, 
including dry nitrogen, dry air, and at increasing humidity in 
air. The sensors have an elevated response in the presence of 
oxygen (dry air compared to N2) and notably in a humid 
environment (30 %RH). Figure 3f shows the Smax values for the 
different backgrounds showing an increase with increasing 
humidity, which would require a humidity sensor to be 
incorporated in a fully realized device. For reference the 
removal of 400ppb NO2, recovery of baseline by heating and re-
exposure to 400ppb NO2 is depicted in Figure S9. Due to humidity 
affecting sensitivity any device would require a humidity sensor 
to be run in parallel.
Page 21 of 34
ACS Paragon Plus Environment






























































Typically, NO2 detection by nanocarbon materials is commonly 
described via surface adsorption of gaseous NO2 giving rise to 
charge transfer and an associated shift in the Fermi level of 
conjugated carbon nanomaterial26. This shift changes the 
conductivity27, notably in graphene and nanotubes where the 
Fig4 a) Schematic showing the carbon particles with surface water 
layer and bridging water, with example reactions as NO2 interacts 
with the water and organic carbon. R is the external resistance 
measurement which is primarily governed by the resistance of the 
water bridging the particles, b) Calculated BET isotherm showing 
the thickness of the adsorbed water layer against humidity, plotted 
alongside the sensitivity metric Smax, c) Plot of Smax vs adsorbed 
water layer thickness t, illustrating a robust linear trend, d) 
NO2 calibration curves of various materials measured at room 
temperature.
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density of states near to the Fermi level is very low. NO2 
binding is shown to be stronger in the presence of pre-existing 
defects in the carbon28, such as at nanosheet edges in graphene 
films29 or more readily on the surfaces of materials 
functionalized to improve their sensitivity and/or selectivity30. 
However, such a single mechanism does not account for the strong 
variation of sensitivity with atmospheric humidity (Figure 3e) 
even in the situation where there is competitive adsorption of 
both analyte and water molecules. 
 We propose an additional mechanism, shown in Figure 4a, which 
closely relates to known reactions in soot chemistry14–17.This 
additional sensing mechanism can be understood based on the 
structure of the sensing layer (Figure 1g). It consists of a 
low-density array of carbon particles, very reminiscent of 
oxygen-poor soots (see Figure S10b,c). The XPS data suggests 
that after laser irradiation the particle surfaces and 
intermediate low-conductivity soot are functionalized with 
oxygen-containing species such as carboxyl groups. The material 
will therefore be highly hydrophilic and unless carefully 
excluded through appropriate heating and drying, a surface water 
layer will be present.
When this network of carbonaceous particles is weakly connected 
or below a percolation threshold, its overall conductivity will 
be mediated by conduction through the surface water layer, which 
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acts as a bridge between nearby particles. Thus, material 
conductivity will be strongly dependent on the conductivity 
through the water bridges, which in turn will strongly depend on 
ion content in the water.
As NO2 dissolves in the water layer, interaction with the 
carbon surface chemistry results in ion formation in 
solution14,16,31,32. Such reactions are responsible for the 
selectivity of LDCA for NO2. While the intrinsic water solubility 
of NO2 is low31, in the presence of carbonaceous species this 
changes whereby dissolved NO2 reacts with soot particles to form 
nitrous acid HONO16. These acid species result in soluble ions 
such as NO2- and NO4- and can result in significant NO2 take-up  . 
The material is thus responding to, via resistance change, the 
ion concentration in the electrode surface water layer, and 
indirectly therefore, the NO2 breakdown process of the carbon 
layer. The material can then measure, via resistance change, the 
ion concentration in the electrode surface water layer, and 
indirectly therefore, the NO2 breakdown process of the carbon 
layer. We note that the importance of the water layer can be 
demonstrated by freezing; operating at -25°C decreases the 
sensor response to 1ppm NO2 by an order of magnitude as compared 
to room temperature. The presence of charged oxygen in water, an 
additional result of soot chemistry, can result in charge 
exchange between solvated NO2 and O2- 33–35. This explains the 
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difference in sensitivity of the sensor in the dry air 
environment compared to the dry N2 environment shown in figure 
3e. 
As mentioned above, oxidized soot particles are also known to 
have carboxylated surfaces36 which can interact strongly with 
water vapour37, notably in atmospheric chemistry where they can 
act as cloud nuclei36. As such, we tested the above theory 
through production of a similar chemiresistor fabricated using 
propane soot, which indeed shows NO2 detection, albeit at lower 
sensitivity (presumably due to less optimal structure and 
porosity, see Figure S11). We note that this mechanism also 
explains why there is higher sensitivity to NO2 than NH3 and CO2. 
While NH3 has extremely high solubility in water it will rapidly 
form ionic dielectric shells around opposing exposed carbon 
surfaces in the electrode, and hence, while there will be a 
strong initial capacitive response, there is no subsequent 
electrolytic response or mechanism for continuous ion transfer38. 
Similarly, for CO2, the solubility and conversion to carbonic 
acid results in negligible ion generation due to its weak acid 
character. In contrast conduction with NO2 is mediated through 
continuous reaction with the carbonaceous electrode. The other 
reactants are either insoluble in water or do not form any ions 
in solution.
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To understand the apparent increasing sensitivity (indicated by 
the value of Smax) as a function of humidity, we use the BET 
isotherm (calculation outlined in Supplementary Note 6) to 
evaluate the changing thickness of the adsorbed water layer on 
the LDCA. Figure 4b compares the resulting calculated water 
layer thickness with the fitted Smax values as a function of 
relative humidity and points to a clear correlation between the 
two. This correlation is further evidenced in Figure 4c where 
Smax is plotted as a function of water layer thickness and fitted 
to a simple linear regression. Interestingly, the intercept of 
regression is non-zero. Clearly, there is both sensitivity at 
zero humidity (corresponding to the sensor measurements 
performed in dry nitrogen) and an increase in sensitivity with 
adsorbed thickness of the water layer lending support to the 
hypothesized mechanism based on dissolution of NO2 within the 
adsorbed water layer. We note that if dissolution within the 
water layer was solely responsible for the sensing response, we 
should expect there to be no analyte response in the absence of 
an adsorbed water layer. Although the presence of chemisorbed 
water cannot be discounted, this may infer that, at very low 
values of humidity, there is potentially a second sensing 
mechanism contributing to the overall response based on direct 
adsorption of NO239.
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This mechanism presented accounts for the sensitivity, 
selectivity and humidity dependence of this LDCA material, 
justifying its impressive performance and potential to be 
competitive with existing room-temperature NO2 sensing materials. 
A comparison of response versus NO2 concentration for a range of 
room temperature operation metal oxides, graphene materials and 
transition metal dichalcogenides (TMDs) is shown in Figure 4d. 
This illustrates that ppb NO2 sensing has not yet been 
demonstrated with TMDs, despite their appreciable sensor 
response, and graphene-based materials must be combined with 
metal oxides in order to combine sensitivity and low limit of 
detection. Metal oxides, particularly SnO2, are the only 
materials which have been shown to allow ppb NO2 sensing, 
highlighting LDCA as a disruptor technology alternative which 
can be produced by a low-cost scalable processing. While the 
sensitivity (in terms of resistance change) of LDCA is lower 
than most metal oxides, their competitive performance at this 
early stage of development emphasizes its potential for low 
limit detection of NO2 in a highly selective manner. This low 
limit of detection is attributed to the high surface area of the 
material, the conductivity of the material, and the specificity 
of the mechanism. The unidirectionality of the NO2 solubilization 
allows the water layer to accumulate more ions over time which 
allows effective sensing of the low ppb concentrations due to 
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this unique sensing mechanism. It is possible that fluctuations 
in the baseline conductivity of semiconductor sensors make low 
limit of detection analysis more challenging, hence the lack of 
reported ppb semiconductor and oxide NO2 sensors.
Conclusions
In summary, a thin, porous and well adhered film of LDCA is 
deposited in a cheap but scalable single-step laser process on 
readout electrodes to form a chemiresistor structure for 
possible application in distributed air quality monitoring. 
Exposure to NO2 shows a detection limit below 10 ppb and response 
times below 15 min, facilitating simple measurements of NO2 
pollution in air in compliance with EU regulations. These as-
produced LDCAs show exceptional selectivity towards NO2 over 
other common air pollutants making them unique amongst carbon 
nanomaterials4,9,30,40–43. The sensors perform better in a humid 
environment making them readily applicable for real world 
measurements. A novel sensing mechanism is proposed based on NO2 
solubility and reactivity in sensor surface water layers. A 
comparison of the performance of various materials for NO2 gas 
sensing (Figure 4d) shows that with this work the carbon based 
materials can reach or exceed the current limit of detection 
values of other state-of-the-art materials, when operated at 
room-temperature44,45. Room-temperature operation is crucial to 
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reduce power consumption so that the material can be 
incorporated into routine continuous air quality monitoring 
Internet-of-Things devices and applications.
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